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Long-length, high-temperature superconducting (HTS) wires capable of carrying high critical current, J c , 
are required for a wide range of applications. Here, we report extremely high performance HTS wires based 
on 5 \im thick SmBa 2 Cu 3 0 7 _ s (SmBCO) single layer films on textured metallic templates. SmBCO layer 
wires over 20 meters long were deposited by a cost-effective, scalable co-evaporation process using a 
batch-type drum in a dual chamber. All deposition parameters influencing the composition, phase, and 
texture of the films were optimized via a unique combinatorial method that is broadly applicable for 
co-evaporation of other promising complex materials containing several cations. Thick SmBCO layers 
deposited under optimized conditions exhibit excellent cube-on-cube epitaxy. Such excellent structural 
epitaxy over the entire thickness results in exceptionally high I c performance, with average I c over 1,000 A/ 
cm- width for the entire 22 meter long wire and maximum I c over 1,500 A/cm -width for a short 12 cm long 
tape. The I c values reported in this work are the highest values ever reported from any lengths of 
cuprate-based HTS wire or conductor. 



The development of the second generation high temperature superconducting (HTS) wires based on 
REBa 2 Cu 3 0 7 _ § (REBCO, RE = rare earth elements, including Y) films has been geared towards a broad 
range of electric-power applications, such as underground power transmission cables, fault current limiters, 
motors, generators, etc. The wires are based on coated conductor technology, forming epitaxial REBCO super- 
conducting layers on low-cost, flexible, biaxially textured metal substrates with thin oxide functional layers 1 ' 2 . For 
years, the critical current, J c , of HTS wires has been improved significantly by minimizing high- angle grain 
boundaries in the films, which increases intergranular J c , as well as by enhancing flux-pinning via the introduction 
of nanoscale defects into the REBCO film, which improves intragranular J c 3 " 5 . In parallel, long-length wire 
fabrication has been also advanced, and kilometer-length HTS wires are commercially produced 6 ' 7 . Achieving 
high J c , while making the price/performance metric expressed as $/kA-m more suitable, however, is still a major 
technical issue from a commercial point of view. The current price/performance metric of HTS wires is too high to 
penetrate the markets where conventional copper wires or low temperature superconducting wires e.g. NbTi and 
Nb 3 Sn are dominant 8 . To accelerate the use of REBCO HTS wires, their price needs to be reduced considerably by 
cost-effective, scalable fabrication of long-length, high I c HTS wires. 

Growth of a single layer REBCO film with high I c over 1,000 A/cm- width has been widely recognized to be very 
challenging. To date, there have been only a few reports on fabrication of single layer, thick YBa 2 Cu 3 0 7 _ x 
(YBCO) films having self-field I c close to or over 1,000 A/cm-width at 75.5-77 K. Recently, I c (77 K, self-field) of 
1,018 A/cm-width was reported in 3 cm-long, 5.9 um thick DyB 2 Cu 3 0 7 _ $ film grown on metallic templates 
prepared by electron beam deposition using two different chambers on inclined substrates 9 . For films grown on 
single crystal substrates, the I c of —1,500 A/cm at 75.5 K, self- field was reported for 9 um thick YBCO films 
containing 5 mol% barium zirconium oxide (BZO) and 5 mol% Y 2 0 3 . These high I c samples were very short, 
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Figure 1 | Schematic outline of EDDC process with the gradient technique. (A) EDDC apparatus, consisting of an evaporation chamber, a shield plate, 
and a reaction chamber. Three quartz crystal microbalance (QCM) sensors are installed to detect the deposition rate of each element in the 
evaporation chamber. A differential pumping system is installed between the two chambers to prevent oxygen flow from the reaction chamber to the 
evaporation chamber. (B) Thickness distribution of each element along the substrate tape length. (C), (D) Slit geometry at the shield plate and the 
arrangement of substrate tape on the drum. 



however, typically only a few centimeters. High I c over 1,000 A/cm- 
width has never been demonstrated for HTS wires over a meter long 
by any HTS thin film growth technology. 

To obtain a high J c , high critical current density (/ c ) should be 
maintained over several-micron-thick REBCO films. Generally, high 
J c over 3-4 MA/cm 2 can be achieved in very thin film, however, / c 
drops exponentially as the films get thicker 10 . The decay of J c with 
thickness can be attributed to several factors, which include rough- 
ening of the film, loss of epitaxy or texture degradation, and reduc- 
tion in the density of defects 1011 . We have developed a batch-type 
reactive co- evaporation system with a drum in a dual chamber, 
denoted as Evaporation using Drum in Dual Chamber (EDDC) to 
deposit SmBCO layers on long-length metallic templates 12 " 14 . 
Evaporated atoms from three metal sources in high vacuum, P(0 2 ) 
< ~1 X 10" 4 Torr, are deposited on buffered metallic templates 
wound on a rotating metal drum in the upper reaction chamber. 
Superconducting SmBCO phase forms and grows through a cyclic 
process of deposition-diffusion-reaction in the EDDC system. 

In this process, deposition parameters can be uniformly controlled 
for a large chamber, so that kilometer-long HTS wires can be fabri- 
cated by merely increasing the drum size with significant modifica- 
tion of its basic structure. Use of inexpensive metal elements as 
evaporation sources can be an additional advantage, reducing the 
total processing cost of the wires. Several-micron-thick REBCO films 
can be grown easily at the same time by simply increasing the depos- 
ition time under the same deposition conditions. Considering the 
mass-production of REBCO wires based on Ni-textured substrate, all 
buffer layers can be deposited in the one EDDC system. This in-situ 
type EDDC approach is very promising for mass-production of 
REBCO wires. 

We have developed a unique gradient technique to optimize the 
multi-variable processing parameters (such as substrate temper- 
ature, compositional ratio, and deposition rate) in a fast and reliable 
way. The batch-type co- evaporation process with the gradient 



technique introduced in this study can be also applied to optimize 
deposition parameters for other functional multi-cation films such as 
of solar cell materials, e.g. CuInGaSe 2 (CIGS), and thermoelectric 
materials 1516 . The gradient technique allows us to control one para- 
meter continuously along the tape length, while the other parameters 
remain unchanged. As shown in Figure 1, the particles of Sm, Ba, and 
Cu that pass through the open slit of the shield plate between the 
upper and lower chambers can be deposited on the substrate wound 
on the drum. The distribution and deposited film thickness of the 
atoms are affected by the shape of the open slit and the configuration 
of the substrate on the drum. 

When using the parallelogram slit shape for the substrate arrange- 
ment shown in Figure 1(C), film with different compositions along 
its length is deposited in the same run. This is because the composi- 
tion gradient is formed by the different amounts of each element 
deposited on the substrate along the tape length, as schematically 
shown in Figure 1(B). On the other hand, a gradient of substrate 
temperature along the tape length can be set up when the substrate 
tape is mounted perpendicular to the drum axis, as shown in 
Figure 1(D), and the SmBCO films are deposited after turning off 
half the halogen heaters inside the drum. By using the gradient tech- 
nique, we can deposit a film with different compositions or several 
films at different deposition temperatures in the same runs and 
therefore, quickly optimize the overall deposition parameters. 

Results 

Optimization of processing parameters via the gradient technique. 

In the EDDC process, / c of REBCO films is influenced by deposition 
parameters such as the substrate temperature, compositional ratio, 
deposition rate, rotation speed of the drum, oxygen partial pressure, 
etc. Among the parameters, oxygen partial pressure and drum rota- 
tion speed were optimized in previous experiments. The general 
structure and the principles of the EDDC have been described in 
previous reports 13,14 . 
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Figure 2 | The dependency of composition and substrate temperature on critical current, and X-ray pole figures of selected composition areas. 

(A) Critical current versus x, y composition of SmBCO. Composition values x and y are derived from the formula of Smx + x Ba 2 Cu 3 + y 0 7 _ 5. (B) X-ray 
pole figures for the positions of A,U in graph (A). (C) Critical current with respect to position of the tape, where measured substrate temperatures 
for the deposition are indicated at selected positions. 



Figure 2 summarizes the dependence of I c for SmBCO films on 
film stoichiometry and deposition temperature, as obtained using the 
gradient technique. All samples were grown on ion-beam-assisted 
deposition (IBAD)-MgO templates consisting of LaMn0 3 (LMO)/ 
MgO/Y 2 03/Al 2 03/Hastelloy. I c was measured continuously by a 
reel-to-reel Hall sensor method 17 . Detailed experimental procedures 
for the film deposition and characterization are described in section 2 
in the Supplementary Information. The I c is plotted as a function of x 
and y in the formula Sm x + x Ba 2 Cu 3 + y 0 7 - § in Figure 2(A). The 
film compositions were determined by energy dispersive X-ray 
(EDX) analysis on the surface of the film after deposition. The results 
confirm that I c is strongly dependent on the composition. The high- 
est I c was found in the red colored region, whose composition is 
slightly shifted to Sm-rich from the stoichiometric composition of 
Sm: Ba: Cu = 1:2:3. 

X-ray diffraction (XRD) results also confirm that the samples with 
some excess Sm (x = —0.35), corresponding to the composition of 
the red colored region, have strong (00/) orientation, without any 
other peaks caused by other orientations or secondary phases, and 
also have excellent in-plane and out-of-plane textures with cube 
texture over 95%. Detailed XRD results for the samples with different 
compositions are presented in section 2 in the Supplementary 
Information. Films with compositions off the red zone, as indicated 
by A and ■ in Fig. 2(A) show low I c performance due to their poor 
structural properties. XRD results reveal that the films with the com- 
position A have additional 20 peaks caused by unidentified second- 
ary phases, and the films with the composition ■ have poor texture 
with an additional texture component caused by 45° oriented 



SmBCO grains. The composition dependence of I c suggests that 
strict control of composition is very much required for the fabrica- 
tion of high I c SmBCO films. 

Figure 2(C) shows the dependence of I c on the substrate temper- 
ature for SmBCO films. To fabricate a SmBCO film tape at different 
substrate temperatures, the type (D) arrangement in Figure 1 was 
used, and 800 nm-thick SmBCO film was deposited at the deposition 
rate of 7 nm/sec. The substrate temperature was measured as indi- 
cated in the graph. I c increases as the temperature increases from 
740 °C and has its maximum values in the temperature range of 780 
to 800°C. 

After optimization of processing parameters via the gradient tech- 
nique, we grew 5 (im-thick optimized SmBCO layers on IBAD-MgO 
templates that were over 22 meters in length. Detailed processing 
parameters employed for the deposition are listed in section 3 in the 
Supplementary Information. The composition of the thick SmBCO 
film was identified to be Sm: Ba: Cu = 1.33:2.00:3.00, which is 
within the range of the optimum composition, leading to the highest 
I c in ~1 [im thick SmBCO film, as shown in Fig. 2(A). 

Critical current properties of SmBCO coated conductor. 

Figure 3(A) shows the I c distribution for the entire 22 meter long 
wire. The periodic wave pattern of I c is caused by the deposition 
temperature variation along the circumference of the drum during 
the deposition [refer to section 4 in the Supplementary Information 
for further details] . Minimum and average I c values of this tape were 
633 A/cm-width and 1,157 A/cm- width, respectively. Moreover, I c 
above 1,000 A/cm- width was achieved from an SmBCO tape —17 
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Figure 3 | Critical current distribution along the length and V-I curve. (A) I c at 77 K, self-field of 22 m-long SmBCO tape measured using Hall 
sensor method. (B) Current - voltage curve for 12 cm long tape having the highest I c . The ~ 1 cm wide sample was patterned into a ~2 mm wide bridge by 
laser- scribing, due to the limits on the maximum measuring current in the characterization system. 



meters long. After I c for the entire tape was measured continuously 
by a reel-to-reel Hall sensor method, the tape was cut into 12 cm- 
long sections to measure transport I c values by the standard four- 
point probe method with a voltage criterion of 1 |iV/cm. 

Figure 3(B) shows the current versus voltage curve for a 12 cm 
long, 5 |im-thick SmBCO film, which has the highest I c value among 
the 12 cm -long samples. The transport I c (77 K, sf) was measured at 
1,540 A/cm- width, which corresponds to J c of ~3 MA/cm 2 . This I c is 
the highest value ever reported for any length of HTS film on either 
single crystal or metallic substrates. We believe that such high I c 
performance is attributable to excellent structural properties that 
have never been observed in the REBCO thick films previously 
reported. XRD analysis (see section 3 in the Supplementary 
Information) confirms that the 5 |im thick film with the record I c 
has excellent in-plane and out-of-plane textures, with small full- 
width-half-maximum values (Acp and Ago) in phi and omega scans. 
The Acp and Ago values were measured to be 3.7° and 1.4°, similar to 
those measured from the ~ 1 |im thick films. 

Microstructure of SmBCO film. Figure 4 shows scanning electron 
microscope (SEM) and transmission electron microscope (TEM) 
images of the 5 |im-thick SmBCO film. The planar-view SEM 
image that is shown in Fig. 4(A) demonstrates that the film has a 
very smooth and dense surface with a few rectangular- shaped surface 
particles. Cross -sectional TEM images for a region including these 
surface particles confirm that these particles are a-axis oriented 
grains. As shown in Fig. 4(B) and (C), the particles begin to from 
at film thicknesses of more than 1-2 [im from the bottom of the film, 
grow in the shape of an upside-down quadrangular pyramid, and 
finally protrude out of the film. The protrusion of the particles out of 
the film is likely to be caused by the difference in the growth rate 
between the a-axis (or fr-axis) and c-axis directions. The growth rate 
in the a or b direction is higher than that in the c direction 18 . Selected 
area diffraction (SAD) patterns, Fig. 4(D) and Fig. 4(E), obtained 
from the positions of 1 and 2, respectively in Fig. 4(B) confirm 
that the particles are a-axis oriented, while the matrix has c-axis 
orientation. 

The volume fraction of a-axis-oriented grains out of the total 
volume of the film is estimated to be less than 1%, based on the 
examination of multiple TEM images, which is remarkably smaller 
than for those typically observed in the several-micron-thick REBCO 
films reported previously 19 . 



Discussion 

The degradation of structural properties, including the loss of texture 
and the formation of a large percentage of a-axis-oriented grains, 
results in the formation of a so-called "dead layer" above a certain 
critical thickness, and this is considered a major detrimental factor 
that will reduce / c and thereby prevent a proportional increase of I c 
with thickness 20,21 . Unlike previous reports, in fact, no exponential 
decay of I c with thickness is observed in this study for samples fab- 
ricated under optimized conditions. Similar J c of ~3 MA/cm 2 is 
obtained from both ~1 |im thick and 5 |im thick SmBCO films 
grown under optimized conditions. The lack of any degradation in 
structural properties with thickness plays a critical role in maintain- 
ing high / c and consequently, high I c for these thick films. 

In summary, record I c at 77 K, self- field, exceeding 1,500 A/ 
cm-width, was demonstrated for 5 |im-thick SmBCO film by the 
cost-effective, scalable EDDC process. A higher I c exceeding 
1.5 kA/cm-width is possible by further increasing the SmBCO layer 
thickness. This was made possible by optimization via a unique 
combinatorial method, which is broadly applicable for co-evapora- 
tion of other promising complex materials containing several 
cations. This EDDC technique and the combinatorial method that 
is possible using this technique, as suggested in this study, could 
prove invaluable in fabrication of other complex, high-performance, 
functional materials. 

Methods 

Sample preparation. SmBCO films were deposited on the IBAD-MgO templates 
using co-evaporation method in EDDC system. Firstly, IBAD-MgO templates were 
spot-welded on the drum of EDDC system, and EDDC chamber was pumped up to 
the total pressure of less than 5 X 10" 6 Torr for more than 5 hours to provide 
sufficient mean free path. When the temperature of drum reached 800°C by a heating 
for 2 hours, each metal source of Sm, Ba, and Cu was evaporated with a specific 
deposition rate, respectively. After the deposition rates were confirmed to be stable, 
oxygen was filled in the upper reaction chamber up to the partial pressure of 
20 mTorr, and shutter was opened to start deposition toward the template surface. 
When deposition was finished, the EDDC chamber was filled with oxygen gas up to 
the pressure of 200 Torr and cooled down naturally by turning off the heater power of 
the drum up to room temperature. The samples were coated with silver by DC 
sputtering in another chamber to protect the film. 

Non-contact critical current measurements. The Hall probe measurement system 
was used to measure the critical current distribution of SmBCO tape. The system 
consists of a reel to reel moving apparatus, 7 array Hall probe, a rotary encoder and a 
permanent magnet. The Hall probe of MULTI-7U model was fabricated in AREPOC 
s.r.o in Slovakia. The Hall probe consists of 7 independent Hall sensors with the 
interval of 600 urn, and the active area of each elementary sensor is 100 urn X 
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Figure 4 | SEM and TEM micrographs and electron diffraction patterns of 5 um-thick SmBCO film. (A) SEM planar-view image of SmBCO layer, 
where the rectangular part of the dotted line was cut with a focused ion beam (FIB). (B) Cross-sectional scanning TEM — annular dark-field (STEM- 
ADF) image of rectangular area in (A), where 1 and 2 indicate an a- axis grown grain and the c-axis grown-matrix, respectively. (C) Enlarged TEM bright 
field (TEM-BF) image of (B), including the a- axis grown grain. (D), (E) Electron diffraction patterns of 1 and 2 in (C). 



100 um. The permanent magnet was located above Hall probe sensor, and 
superconducting tape passed between them. While reel to reel moving system 
transferred superconducting tape from feeding reel to take-up reel, the rotary encoder 
monitored tape position and Hall probe measured the magnetic profile across the 
width of superconducting tape, and computer calculated critical current from it. The 
critical current measured by Hall probe method was calibrated by the value of DC 
transport method. 

Transmission Electron Microscopy (TEM) measurements. TEM specimens were 
fabricated in a dual beam FIB (FEI Quanta 3D FEG, Hillsboro, Oregon, USA). Target 
area for TEM sampling was selected using a secondary electron imaging in 20 kV and 
cross-sectional specimen was prepared by Ga + ion milling accelerated to 5-30 kV. 
Growth direction and phase information were investigated with the combined 
analyses of TEM SAD patterns and BF images using a field emission TEM (JEOL 
JEM-2100F, JEOL Ltd., Akishima, Tokyo, Japan) in 200 kV. 
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